Expression of an amber suppressor tRNA should result in read-through of the 326 open reading frames (ORFs) that terminate with amber stop codons in the Escherichia coli genome, including six pseudogenes. Abnormal extension of an ORF might alter the activities of the protein and have effects on cellular physiology, while suppression of a pseudogene could lead to a gain of function. We used oligonucleotide microarrays to determine if any effects were apparent at the level of transcription in glucose minimal medium. Surprisingly, only eight genes had significantly different expression in the presence of the suppressor. Among these were the genes yaiN, adhC, and yaiM, forming a single putative operon whose likely function is the degradation of formaldehyde. Expression of wild-type yaiN was shown to result in repression of the operon, while a suppression-mimicking allele lacking the amber stop codon and extended 7 amino acids did not. The operon was shown to be induced by formaldehyde, and the genes have been renamed frmR, frmA, and frmB, respectively.
A suppressor tRNA is a tRNA with a mutation (usually) in the anticodon that allows it to recognize a stop codon and insert an amino acid in its place (reviewed in reference 6). First identified in 1965 (4, 7), they have been widely used in studies of translation, phage biology, and protein engineering. They have been critical to our understanding of the structure and function, processing, and charging of tRNAs, as well as ribosome-tRNA interaction, polarity, codon context effects, and the elucidation of the genetic code (29) . Suppressors have also been used to study the impact of single amino acid substitutions and nonstandard amino acids on protein function (15, 30) . Amber suppressors have been used preferentially because amber (UAG) is the least common of the three stop codons, occurring at the end of 326 out of 4,290 open reading frames (ORFs) in the Escherichia coli genome. In contrast, ochre (UAA) occurs 2,706 times and opal (UGA) occurs 1,258 times. The reasons for this dramatic skew are not known, though it is interesting that 1.5% of fecal coliform isolates (mostly E. coli) were found to contain natural amber suppressors (18) . Out of 13 pseudogenes in strain K-12 (identified from the EcoGene website [26] at http://bmb.med.miami.edu/EcoGene/EcoWeb/), 6 are disrupted with amber stop codons (glvC, ybfH, yehQ, yfcU, yjiP, and b2650) and almost all are of unknown function.
For the functional characterization of the E. coli genome, we have developed methods to systematically introduce amber mutations into the chromosome and have constructed an arabinose-inducible suppressor tRNA on a high-copy-number plasmid to modulate the effects of the amber mutations (12, 13) . To use this system it was important to examine the effects of the suppressor on the cell. In addition to suppressing the gene of interest, the suppressor is also expected to affect genes throughout the genome that end with amber stop codons. Reflecting the relative prevalence of amber and ochre stop codons, amber suppressors do not appear to affect the growth of their hosts, whereas isogenic ochre derivatives cause growth defects proportional to the efficiency of suppression (23, 24) . It has been shown that amber suppression extends and inactivates the stringent factor RelA (3), but the full extent of extraneous effects has never before been determined. Our approach was to look for a phenotype resulting from suppressor expression. Specifically, we examined global transcription patterns to see if a stress response or other sign of physiological disruption was evident.
We have renamed the genes yaiN, adhC, and yaiM with the new designations frmR, frmA, and frmB, respectively, for reasons detailed below. For clarity, the new names will be used throughout this work.
MATERIALS AND METHODS

Microarrays.
Three independent cultures and RNA preps of two strains were labeled and hybridized. E. coli MG1655 cells carrying either pBAD/sup2 or pBAD18-Kan (10) were grown overnight in morpholinepropanesulfonic acid (MOPS) minimal medium (Teknova, Half Moon Bay, Calif.) plus 0.1% glucose and 50 g of kanamycin/ml, then diluted 1:50 into 100 ml of MOPS minimal medium plus 0.1% arabinose and kanamycin in a 1-liter flask, and grown at 37°C in a shaking water bath to an optical density at 600 nm (OD 600 ) of 0.2 (7 to 13 h; three to four doublings). Cells were then immediately mixed with RNAprotect bacteria reagent (QIAGEN, Valencia, Calif.). Total RNA was isolated using the Masterpure RNA purification kit (Epicentre, Madison, Wis.). The RNA pellet was resuspended in nuclease-free water, and RNA was measured by absorption at 260 nm. cDNA was synthesized and labeled using a protocol similar to that described by Rosenow et al. (25) . Briefly, 10 g of total RNA was reverse transcribed with 1,200 U of Superscript II (Invitrogen, Carlsbad, Calif.) using 500 ng of random hexamers at 42°C for 90 min. Remaining RNA was removed with 2 U of RNase H and 1 g of RNase A for 10 min at 37°C. Synthesized cDNA was then purified with QiaQuick (QIAGEN) and fragmented to 50 to 200 bp with 0.2 U of DNase I (Epicentre) for 10 min at 37°C. The fragmented cDNA was 3Ј-end labeled with 25 M biotin-N 6 -ddATP (Applied Biosystems, Foster City, Calif.) using 50 U of terminal transferase (New England Biolabs, Beverly, Mass.) at 37°C for 2 h. The labeled cDNA was hybridized to E. coli antisense genome arrays at 45°C for 16 h, then washed, and scanned as described in the GeneChip technical manual (Affymetrix, Santa Clara, Calif.). Signal was calculated using Microarray suite 5.0 software (Affymetrix) and normalized such that the mean ORF signal over the whole array was equal to 1,000.
Plasmid and strain construction. All primer sequences are given in Table 1 . The chromosomal deletion of frmR was made with gene gorging (13) . The mutagenic plasmid insert was made by fusing two fragments consisting of about 500 nucleotides (nt) of sequence on each side of frmR. PCR was performed with a 55°C annealing temperature and Pfu Turbo polymerase (Stratagene, La Jolla, Calif.). The downstream fragment was amplified from E. coli MG1655 DNA with primers OF500 and OF501. The upstream fragment was amplified in two steps to avoid problems with the inverted repeats upstream of frmR: it was amplified first with OF498 and OF509 using five initial cycles with a 40°C annealing temperature followed by 30 cycles at 55°C and then reamplified with OF498 and OF507. The upstream and downstream fragments were then purified with QiaQuick (QIAGEN), and 4 l of each was combined in a 45-l reaction mixture. After five cycles, the primers OF498 and OF501 were added and it was cycled 25 more times. I-SceI sites were included in OF498 and OF501. The fusion PCR product was gel purified and cloned into pCR-BluntII-Topo (Invitrogen). After confirmation by sequencing, gene gorging was performed. One deletion was detected out of 134 colonies by colony PCR screening using primers OF502 and OF503. It was plated on Luria broth (LB), and colonies were screened for loss of the drug resistance carried by pACBSR. The plasmid-free strain, called FBSC222, was PCR amplified with OF502 and OF503 and sequenced with OF498 and OF501 to verify that frmR had been deleted without errors.
The plasmids pACB/frmR, pACB/alt and pACB/empty were constructed by cloning different inserts into a derivative of pACBSR (13) . A PCR fragment containing the p15A origin, chloramphenicol resistance gene, arabinose promoter-repressor, and rrnB terminators was amplified from pACBSR with primers OF496 and OF497. Wild-type (WT) frmR was amplified from MG1655 DNA with OF493 and OF494. The alternate extended version of frmR was amplified with OF493 and OF495. The vector and inserts were digested with NdeI and SphI and ligated. The empty vector was made by filling in the restriction overhangs with the Klenow fragment of DNA polymerase and self-ligating. The plasmids were verified by amplifying and sequencing each with OF129 and OF185. Construction of the suppressor plasmids pBAD/sup1 and pBAD/sup2 has been described elsewhere (13) .
Real-time PCR. Cells were grown overnight in MOPS minimal medium plus 0.1% glucose (and 25 g of chloramphenicol/ml for strains carrying plasmids) and then diluted 1:50 into 25 ml of MOPS minimal medium (plus chloramphenicol for plasmid strains) and either 0.1% glucose or 0.1% arabinose plus 0.01% glucose. The small amount of glucose was necessary to "jump start" the arabinose cultures since, otherwise, chloramphenicol would inhibit the protein synthesis necessary for induction of arabinose catabolism and cells could not start growing. Presumably, acetyl coenzyme A levels were too low in the saturated overnight cultures to allow chloramphenicol acetyltransferase to function. Cultures were grown to an OD 600 of ϳ0.2, and a sample was then immediately added to RNAprotect bacteria reagent (QIAGEN). RNA was purified using RNAeasy mini columns (QIAGEN) and eluted in 30 l of water. Seventy microliters of 1ϫ DNase I buffer plus 5 U of RNase-free DNase I (Epicentre) was then added and incubated at 37°C for 45 min. The RNA was then repurified using RNAeasy columns and eluted in water. A 0.5-g aliquot of RNA was reverse transcribed with 1,200 U of Superscript III (Invitrogen) using 25 ng of random hexamers at 42°C for 90 min. The RNA was digested with 2 U of RNase H and 1 g of RNase A for 10 min at 37°C, and then the cDNA was purified with QiaQuick (QIA-GEN).
Primers were designed to amplify ϳ100-bp products in the genes frmR (OF511 and OF512), frmA (OF513 and OF514), and frmB (OF515 and OF516). Thirtymicroliter PCR mixtures containing 1 ng of cDNA and a 0.9 M concentration of each primer were amplified with an ABI 7700 sequence detection system using SYBR Green PCR core reagents according to the recommended protocol (Applied Biosystems). A standard curve consisting of E. coli genomic DNA was amplified with each primer set for relative quantitation. The gene frr was used as an endogenous control for variation in the amount of cDNA in each reaction mixture (primers OF517 and OF518). frr is expressed at a fairly constant level across all our lab's collected Affymetrix array data.
RESULTS AND DISCUSSION
The plasmid pBAD/sup2 contains the Ala2 suppressor under control of the arabinose promoter (13) . Ala2 was used because of its high suppression efficiency and its specificity in introducing only the correct amino acid (22) . Our original construct pBAD/sup1 showed only 6% efficiency in a luciferase assay (28) . Noting that the plasmid it was derived from had a different 5Ј leader sequence from the transcription start site to the beginning of the tRNA, the leader sequence was modified from ACCCGTTTTTTTGGGCTAGCGAATTC to GCTGA ATTC and efficiency increased to 59%. Suppression may have been low in the first construct due to poor processing by RNase P, implying that the length or sequence of the 5Ј leader beyond the most-proximal 6 nt affected RNase P cleavage (5) .
The growth rate of WT cells containing pBAD/sup2 was 131 Ϯ 18 min (standard deviation) in arabinose minimal medium compared to 153 Ϯ 29 min for cells containing empty vector. With every pUC-origin plasmid tested, different starting colonies from the same plate showed dramatically different growth rates. Slow and fast cultures when replated generated a mixture of colonies that grew both slow and fast in culture. This effect was less pronounced in glucose minimal medium and LB and did not occur with cells lacking a plasmid (73 Ϯ 1.3 min doubling time). Colonies picked from a fresh transformation plate showed much less variation. We conclude that the slow growth rates that we observed were due to the high-copynumber plasmid and not the suppressor tRNA. Expression patterns from strains with and without the suppressor were measured using oligonucleotide microarrays (data available at www.genome.wisc.edu/functional/microarray .htm). Cells carrying pBAD/sup2 or empty vector were grown to mid-log phase in arabinose minimal medium, and then cDNA was isolated and hybridized to Affymetrix microarrays. The physiological effects of growth in arabinose and the highcopy-number plasmids were controlled for by comparing plasmid-carrying strains grown under identical conditions. Only eight genes were significantly upregulated as a result of the suppressor, and none were downregulated ( Fig. 1; Table 2 ). Increased signal was also detected for the tRNA genes alaX and alaW, but with a large standard error. These two genes are only 4 nt different from the suppressor tRNA sequence, and so their apparent increase is likely an artifact of cross-hybridization between the overexpressed suppressor tRNA and the alaXW probes on the array. This cross-hybridization confirms the expression of the suppressor in cells carrying pBAD/sup2. Additionally, primers were designed to detect the suppressor transcript by amplifying from the plasmid's transcriptional terminator to the anticodon of the suppressor (OF445 and OF446). These primers were used in PCR on randomly primed cDNA generated from the same RNA samples used with the microarrays. Results from this PCR agreed with the microarray results. To make sure that the plasmids had not been lost during growth, cultures were grown again under identical conditions and then plated on LB and LB-kanamycin plates. Approximately equal numbers grew on both plate types, verifying retention of the plasmids.
The stringent factor RelA was reported to be inactivated by amber suppression (3). We did not observe any change in the expression of the relA gene as a result of the suppressor, nor was there any effect related to the stringent response. This might be because the cells were not subjected to conditions that would provoke the stringent response. Presumably, amino acid biosynthesis was fully induced before the experiment began, by using minimal medium overnight cultures in which the suppressor was not induced. It seems likely that that RelA activity was irrelevant to the conditions tested, since relA is not required for growth in minimal medium (21) and steady-state levels of ppGpp are mostly determined by the activity of SpoT rather than RelA (27) .
FIG. 1. Scatter plot of microarray results
. RNA preparations made from three independent cultures of strains carrying pBAD/sup2 or empty pBAD18 grown in arabinose minimal medium were hybridized to Affymetrix GeneChips. Each spot plots the values of the log 2 signal for one gene. Only those genes that the software called either present or marginal in all three replicates of either the experimental or control samples are shown (2,297 genes). The experimental versus control log 2 ratio with a 90% confidence interval was calculated from the three replicates. Those genes for which the absolute value of the log 2 ratio minus the confidence interval was Ͼ0.75 are highlighted. In addition, the genes alaX and alaW are also highlighted. Details of the highlighted genes appear in Table 2 .
Under these conditions, few genes were affected by the suppressor. When the same criterion was used to compare data from the arabinose-grown control sample to WT cells grown in glucose, some 122 genes were significantly different (data not shown). One reason the suppressor affects so few genes may be the presence of transcriptional terminators or additional stop codons immediately downstream. Of the 326 ORFs that end with amber, 23% have another stop codon within 5 amino acids downstream, 59% have one within 20 amino acids, and 91% have another stop codon within 100 amino acids. The context in which a stop codon occurs is known to greatly affect the efficiency of protein termination (19) . It is possible that context effects make extension beyond the amber stop codon very inefficient despite the suppressor. Another explanation may be that genes that end with amber have little impact on gene expression, at least under the conditions that we used. For example, microarrays show that only 31% (97 of 314) of amber-terminated ORFs are expressed at detectable levels, in contrast to 44% (1,889 of 4,337) for the whole genome (called "present" by Affymetrix software in five replicates in glucose minimal medium). Uncharacterized genes are overrepresented among amber ORFs as well, with 41% (130 of 314) having no known function, compared to 31% (1,344 of 4,337) for the whole genome.
Those few genes shown here to be upregulated by the suppressor are exceptions to this trend. Each case can be related to the presence of amber stop codons in the genes themselves or their regulators. The gene ivbL is the leader peptide for the isoleucine-valine biosynthesis operon and ends with an amber stop codon. No in-frame stop codons occur in the 105 nt downstream, so suppression presumably leads to fusion of IvbL to the downstream IlvB protein. It is important to note that suppression leads to an increase in abundance of the leader itself rather than the genes downstream (ilvB log 2 ratio is only 0.87 Ϯ 0.78), meaning that what we see is due to extension of the leader peptide affecting its own transcription or RNA halflife rather than an antitermination mechanism.
The gene yhjQ is the second in a predicted six-gene operon (2). It does not end with an amber stop codon, but yhjR immediately upstream does. Suppression should lead to a 26-amino-acid extension of YhjR. Also upregulated, the genes frmR, frmA, and frmB are part of a predicted three-gene operon (Fig. 2) , and frmR ends with an amber stop codon. Suppression should lead to a 7-amino-acid extension of FrmR. The genes rbsD, rbsA, and rbsC are part of the rbsDACBK operon and do not end with amber, but the negative repressor of the operon rbsR does (17) . Suppression should result in a 6-amino-acid extension or RbsR. Since suppression leads to upregulation of rbsDAC, it seems likely that the extension of RbsR decreases its ability to repress. We hypothesize that the inactivation of a repressor by amber suppression causes derepression of yhjQ and frmRAB.
To test this hypothesis, we measured the expression of frmA and frmB in strains overexpressing frmR or an extended variant. First, frmR was deleted from the chromosome by gene gorging (13) . We deleted the annotated ORF (1), but four other start codons occur downstream, making the true protein start site uncertain. A putative promoter, with only one mismatch from consensus, is shown in Fig. 2 . Another possible promoter with three mismatches occurs 5 nt upstream. The transcript of the latter promoter should include the annotated ORF but does not leave room for a ribosome binding site. If the promoter shown in Fig. 2 is correct, a possible ribosome binding site occurs 9 nt upstream of the fourth start codon, but then our deletion eliminates 3 nt upstream of the transcription start site. This may not affect regulation of the promoter though-a perfect 19-bp inverted repeat, possibly representing a repressor binding site or structural feature, occurs upstream in the promoter region.
Two different versions of frmR were cloned under control of the arabinose promoter. The first was the complete annotated ORF. The second was the extended version as would result from use of the Ala2 suppressor. Alanine was substituted for the amber stop codon, and the next 6 amino acids were added to the end before an opal stop codon. These two plasmids and an empty vector control were transformed into the frmR deletion strain FBSC222. They were grown in minimal medium in either arabinose or glucose, and expression of the three genes in question was measured with real-time reverse transcription-PCR (Fig. 3) . High levels of the plasmid-expressed frmR transcript were detected in both overexpressing strains, but not in uninduced and empty vector control strains. A small amount of frmR was detected in the empty vector control but was due to SYBR Green fluorescence from nonspecific PCR amplification, as observed by gel electrophoresis. Levels of the chromosomal frmA transcript were below the level of the negative control when frmR was induced and were 165 times higher than the control when frmR was repressed. The level of frmA transcript was 207 times higher than the control when the extended version was induced. A similar pattern of expression was observed for frmB. These results support our hypotheses that (i) frmR is a negative regulator of the operon and (ii) readthrough of the amber stop codon and extension of the protein inactivate it. We did not test whether FrmR directly binds to the putative operator region. Induction of frmAB was apparently greater in the real-time PCR experiments than in the microarray experiments (38-to 207-fold versus 7-to 18-fold induction, respectively). This is probably due to the incomplete nature of suppression, indicated by suppressor efficiency. In the microarray experiments, the suppressor-extended version of FrmR may be only ϳ59% of the total FrmR present in the cell, whereas 100% of FrmR was extended in the real-time PCR experiments. The effects of suppression may simply be due to a decrease in the levels of functional FrmR, or they might result from competition between the extended and nonextended versions of FrmR.
The gene frmR (previously called yaiN) is currently annotated as a putative ␣-helix protein, and frmB (previously yaiM) is currently annotated as a putative esterase. The gene frmA (previously adhC) encodes glutathione-dependent formaldehyde dehydrogenase, whose physiological substrate in E. coli may be either S-hydroxymethylglutathione (K m ϭ 94 M) (8) or S-nitrosoglutathione (SNOG; K m ϭ 30 M) (16) . To identify the inducer of frmRAB, WT cells were subjected to either formaldehyde or SNOG (Fig. 4) . The level of frmR transcript ϩ 7aa) , or pACB/ empty were inoculated into MOPS minimal medium with either arabinose (induced) or glucose (uninduced), and cDNA was isolated. SYBR Green real-time PCR was performed, and data from each sample were normalized to the housekeeping gene frr. The quantity of each transcript is expressed relative to the negative control (the empty vector strain amplified with frmR primers). Each panel shows the results from one primer pair. Error bars representing the standard deviations of three replicates were too small to be visible for some samples.
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HERRING AND BLATTNER J. BACTERIOL. Phenotypic analysis using BIOLOG plates was performed on a strain with a Tn5 insertion in frmB (14) (data available at www .genome.wisc.edu/functional/phenotypearray.htm for strain FB23041). Endpoint optical density was compared between plates inoculated with WT and the mutant. The largest differences in growth (those substrates with log 2 ratios of ϽϪ2.0) are shown in Table 3 . No log 2 ratios of Ͼϩ1.6 were observed, indicating that the mutation did not result in significant gain of function. No connection can be made between the observed phenotypes and formaldehyde degradation, though some of these data are questionable or have large standard deviations in WT. For instance, ␣-methyl-Dglucoside is known to be a nonmetabolizable glucose analog in E. coli. Regardless, some of these phenotypes may provide starting points for further investigation of the role of formaldehyde degradation in E. coli metabolism.
Amber suppression is a powerful tool for the genetic analysis of gene function. A single mutant can be investigated with and without suppression, eliminating the complications associated with the comparison of different strains. This approach would be hindered, though, if the amber suppressor had a large number of effects on genes other than the gene of interest. In that case, it would be difficult to rule out the possibility that an observed phenotype was due to the loss of the suppressor rather than loss of gene function. In this study, the suppressor did not appear to elicit a general stress response, and the few transcriptional effects observed appeared to be inconsequential to cell function. It therefore seems feasible to study gene function by using expression analysis and amber suppression. The transcriptional changes observed here can be disregarded FIG. 4 . Induction of frmRAB with formaldehyde, as measured with real-time PCR. WT strain MG1655 was grown to an OD 600 of 0.15 in 0.01% glucose plus 0.1% arabinose and then split into three cultures containing no inducer, 0.25 mM formaldehyde, or 0.5 mM SNOG, and cells were harvested to make cDNA 30 min later. Relative real-time PCR and normalization were performed as for Fig. 3 . The quantity is given relative to the negative control from Fig. 3 , and so the data from both figures are comparable. Standard curves were generated from the same DNA. in such investigations as side effects of the suppressor. In future studies it may be possible to remove the problematic stop codons identified here to either ochre or opal, thereby generating an even cleaner experimental system.
